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I. INTRODUCTION

The promise of alternative vehicles which achieve better fuel economy, emit fewer harmful
emissions, yet perform as well or better than typical internal combustion engine (ICE) vehicles,
appears to be closer than ever. Manufacturers continue to pursue and introduce new technologies
that achieve those goals because of increased concern about and attention to air pollution, petroleum
consumption, and reliance on foreign sources of that petroleum.

Several hybrid-electric vehicles (HEVs) have been introduced into the U.S. market over the past
three years, including the Toyota Prius and the Honda Insight and HEV Civic. The challenge is for
the United States to work towards energy independence and market leadership while maintaining
consumer choice and mobility. The Energy Storage Research and Development Effort is working to
help address these challenges.

I.A. FreedomCAR and Vehicle Technologies Program Overview

Transportation consumes two-thirds of all petroleum consumed in the United States, and is therefore
a natural place to focus efforts on increased efficiencies. With this in mind, on January 9, 2003 the
Department of Energy (DOE) and the leadership of General Motors Corporation, Ford Motor
Company, and DaimlerChrysler Corporation announced the creation of the FreedomCAR
Partnership.! This partnership is focused on funding high-reward/high-risk research that promises
improvements in critical components needed for more fuel efficient, cleaner vehicles and provides
ongoing guidance and expertise to DOE’s energy storage activity. Such collaboration with
automakers and battery manufacturers enhances the potential for success and the relevancy of these
programs.

The DOE FreedomCAR & Vehicle Technologies (FCVT) Program office” works with industry to
develop advanced transportation technologies that reduce the nation’s use of imported oil and
improve its air quality. Some of the technologies being supported by this office include hybrid
systems R&D, electric vehicle R&D, materials technologies R&D, advanced fuels R&D, and
advanced combustion R&D. The program also maintains a diverse set of R&D activities in light and
heavy vehicle technologies.

' For more information, please see http://www.uscar.org/Media/2002issuel/p1_freedomcar.htm, or
www.ott.doe.gov/pdfs/freedomcar_plan.pdf.
2 See http://www.eere.energy.gov/vehiclesandfuels/.


http://www.uscar.org/Media/2002issue1/p1_freedomcar.htm
http://www.ott.doe.gov/pdfs/freedomcar_plan.pdf
http://www.eere.energy.gov/vehiclesandfuels/
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I.B. Energy Storage Research & Development Overview

Energy storage technologies, including batteries as well as ultracapacitors, have been identified as
critical enabling technologies for advanced, fuel-efficient, light and heavy duty vehicles. The
Energy Storage Research and Development Effort within the FCVT Program is responsible for
advancing innovative batteries for a wide range of vehicle applications, including HEVs, battery
electric vehicles (EVs), the potential 42 volt vehicle system (42V), as well as fuel cell vehicles
(FCVs). The office is working in close partnership with the automotive industry, represented by the
United States Advanced Battery Consortium (USABC).?

The current effort is comprised of three major activities, battery technology development, applied
battery research, and long-term exploratory research. The work done in each of these is described
below:

Battery Technology Development is subdivided into three closely related sets of activities: full
system development, technology assessment, and benchmark testing.

o Full System Development - In cooperation with the USABC, efforts are focused on
developing and evaluating a cost-optimized liquid cooled NiMH monoblock module for
HEVs, on addressing the issues that reduce the useful life of lithium ion batteries in EVs, on
reducing the cost of lithium ion HEV modules, and on developing an advanced lithium sulfur
(Li/S) battery system that has the potential of meeting all EV targets, including cost.

e Technology Assessment - Technology assessments are conducted on newly emerging
technologies prior to full system development. These 12-month projects assess a developer’s
overall capabilities and validate technical claims through independent testing. Current
assessment projects include cells based on Lithium-ion gel technology, a spinel based
chemistry, and a new LiFePOs cathode active material.

e Benchmark Testing - Benchmark testing of emerging technologies is important for remaining
abreast of the latest industry developments. Working with the national laboratories, FCVT
purchases and independently tests hardware against the manufacturer’s specifications and the
most applicable technical targets. Recently completed benchmark testing included Lithium-
ion/ manganese spinel chemistries against HEV and EV targets.

Applied Battery Research is focused on addressing the cross-cutting barriers that face Lithium-ion
systems which are closest to meeting all of the technical energy and power requirements for vehicle
applications. Five national laboratories participate in this activity, each bringing its own expertise to
three critical barrier areas: life, abuse tolerance, and cost. In addition, this activity concentrates on
Technology Transfer to ensure that the research results and lessons learned are effectively provided
to the U.S. automotive and battery manufacturers.

? The USABC partnership was formed in 1991 between DaimlerChrysler, Ford, and General Motors to initiate a
domestic advanced battery industry based on new technology.
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Long-term Battery Research addresses fundamental problems of chemical instabilities that impede
the development of advanced batteries. This research provides a better understanding of why
systems fail, develops models that predict system failure and permit system optimization, and
investigates new and promising materials. The work presently concentrates on six research areas:
advanced cell chemistry, non-carbonaceous anodes, new electrolytes, novel cathode materials,
advanced diagnostics and analytical methods, and phenomenological modeling.

This report highlights the activities and progress achieved in the Energy Storage Research and
Development Effort during FY 2003. We are pleased with the progress made during the year and
look forward to continued work with our industrial, government, and scientific partners to overcome
the challenges that remain to delivering advanced energy storage systems for vehicle applications.

Tien Q. Duong
Manager, Energy Storage Research and Development
FreedomCAR and Vehicle Technologies Program



Energy Storage Research and Development FY 2003 Annual Progress Report



Energy Storage Research and Development FY 2003 Annual Progress Report

II. BATTERY TECHNOLOGY DEVELOPMENT

Introduction

Battery technology development is one of the primary activities of the energy storage effort. It is
subdivided into four mission areas: system development, aimed at developing advanced batteries for
a wide range of vehicle applications; technology assessment, to assess developers’ current
capabilities and validate technical claims, benchmark testing of emerging technologies in order to
remain abreast of the latest industry developments; and Small Business Innovative Research (SBIR),
that provides valuable support to EV and HEV battery development efforts.

II.A. System Development

System development, in turn, is divided into two programmatic areas: Vehicle High Power Energy
Storage that focuses on development of batteries for HEVs, 42V systems, and FCVs; and Electric
Vehicle Battery Research and Development that supports the development of battery technologies to
enable commercially competitive EVs. All battery system development for light duty vehicles is
conducted in collaboration with industry through the United States Advanced Battery Consortium
(USABC). All of the USABC subcontracts to develop advanced light vehicle batteries for hybrid
and electric vehicles are awarded under a competitive process and are cost-shared.

II.A.1 Vehicle High-Power Energy Storage

Introduction

Under the leadership of the OFCVT, the Vehicle High-Power Energy Storage activity is part of a
multifaceted effort to develop and perfect the technologies needed to encourage the commercial
adoption of cleaner, more fuel-efficient hybrid-electric vehicles. The Vehicle High-Power Energy
Storage activity supports the FreedomCAR Partnership.

Lightweight, durable, and affordable high-power batteries are one of the critical technologies
essential for the continuing development of hybrid vehicles, 42V vehicular systems, and fuel cell
vehicles. The Vehicle High-Power Energy Storage activity is focused on overcoming the main
technical barriers associated with commercialization of these advanced vehicles by concentrating on
four major areas, namely:

Cost

The current cost of nickel-metal hydride and lithium-based batteries (the most promising high-
power battery chemistries) is prohibitively high, both on a kW and a kWh basis. The main cost
drivers being addressed are the high cost of raw materials and materials processing, and cell and
module packaging cost.

Battery Life

A 15-year calendar life is required to reduce overall system costs and to make the technology
more attractive to consumers. Nickel-metal hydride (NiMH) batteries have a calendar life of
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over 6 years in real world applications. The life of lithium-based batteries is estimated to be
15 years, according to reports from Saft America Inc., as shown in Table II-1.

Table II-1. Performance of High-Power Lithium-ion Batteries (2003)

Performance Current Lithium-ion System Target

Specific Power (W/kg, 18s discharge) 900* 625
Power Density (W/L) 1,450 780
Specific Energy (Wh/kg) 75 7.5

Cycle Life (25 Wh cycles) 300,000 300,000
Calendar (yrs) 10 15
Selling Price ($/system @ 100 k/yr) (Approx. 2-4 times 500

target value)

Battery Performance

The barriers related to battery performance are the reduced discharge pulse power available at
low temperatures and the loss of available power over time due to use and aging.

Abuse Tolerance

High power batteries are not intrinsically tolerant of abuse such as short circuits, overcharge,
over-discharge, mechanical shock, vibration, crush, or fire exposure. Multiple strings of cells
pose a problem for lithium-based technologies because they require overcharge and over-
discharge protection at the cell level. In addition, challenging thermal management requirements
need to be addressed.

The Vehicle High-Power Battery activity was created to develop solutions to these technical
challenges by developing low-cost, high-power batteries that meet or exceed the energy storage
requirements for HEVs, 42V vehicular systems, and FCVs, as shown Tables 11-2—11-4 respectively.
Note that these requirements have been developed in close coordination with industry through the
USABC technical teams.

Specific objectives of the Vehicle High-Power Energy Storage activity include:

e By 2010, develop an electric drive train energy storage device with a 15-year life at 300 Wh
with a discharge power of 25 kW for 18 seconds and $20/kW cost (a FreedomCAR
Partnership goal).

e Reduce the production cost of a high-power 25-kW battery (light vehicle) from $3,000 to
$750 in 2006 and to $500 in 2010 (priority FCVT goal).

e Establish and continuously reaffirm performance and cost targets for batteries covering the
full range of applications, including 42V systems, HEVs, and FCVs.

e Develop hardware for specific applications that can be tested against respective performance
targets and used for subsystem benchmarking.

* Battery performance calculated from cell performance by applying a Burden Factor based on battery design.
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Table II-2. Energy Storage Requirements for High Voltage, Power Assist Hybrid Electric Vehicles (HEVs)

Characteristic Units Minimum Maximum
Pulse discharge power kW 25 for 10 sec 45 for 10 sec
Max regenerating pulse (10 sec pulse) kW 20 (50Wh pulse) 35 (97Wh pulse)
Total available energy kWh 0.3 0.5
Round trip efficiency % >90, 25Wh/cycle >90, 50Wh /cycle
Cycle life Cycles 30((;1.(5%3\/51};\/ h 30812. %&gy h
Cold cranking power at —30°C KW 5 7
(three 2-sec pulses, 10-sec rests between)
Calendar life Yrs 15 15
Maximum system weight kg 40 60
Maximum system volume Liters 32 45
Production cost @ 100k units/year $ 500 800
Maximum operating voltage Vdc <400 <400
Minimum operating voltage Vdc >0.55 Vmax >0.55 Vmax
Maximum self discharge Wh/d 50 50
Operating temperature °C -30 to +52 -30 to +52
Survival temperature °C -46 to +66 -46 to +66

Table II 3. Energy Storage Requirements for 42V Vehicular Systems

Characteristic Units M-HEV P-HEV

Commercialization Goals

Discharge pulse power kW 13 for 2 sec 18 for 10 sec
Regenerative pulse power kW 8 for 2 sec 18 for 2 sec
Engine-off accessory load kW 3 for 5 min 3 for 5 min
Total available energy kWh 0.3 0.5
Recharge rate kW 2.6 4.5
Energy efficiency on load profile % >90 >90
Cycle life, profiles (engine starts) 150k (450k) 150k (450k)
Cold cranking power at —30°C kW 8 (21V minimum) 8 (21V minimum)
Calendar life Yrs 15 15
Maximum system weight kg 25 35
Maximum system volume Liters 20 28
Selling price 100k units/year $ 260 360
Maximum operating voltage Vdc 48 48
Maximum OCV Vdc 48 (after 1 sec) 48 (after 1 sec)
Minimum operating voltage Vdc 27 27
Maximum self discharge Wh/d <20 <20
Operating temperature range °C -30 to +52 -30 to +52




Energy Storage Research and Development

FY 2003 Annual Progress Report

Table 11-4. Proposed Battery targets for Fuel Cell Vehicles (FCVs)

Characteristic Units Maximum Minimum
Discharge pulse power kW 25 for 18 sec 75 for 18 sec
Regenerative pulse power kW 22 for 10 sec 65 for 10 sec
Total available energy kWh 1.5 5
Rouind trip efficiency % >90 >90
Cycle life Cycles TBD (15 year life equivalent)
Cold cranking power at —30°C (Details TBD) | kW 5 5)
Calendar life Yrs 15 15
Maximum system weight kg 40 100
Maximum system volume Liters 30 75
Production price @ 100k units/year % 500 1500
Maximum operating voltage Vdc </=440 </=440
Minimum operating voltage Vdc >/=0.5 Vmax >/=0.5 Vmax
Operating temperature range °C -30 to +52 -30 to +52
Survival temperature range °C -46 to + 66 -46 to + 66

Two candidate battery chemistries have been identified as the most likely to meet these performance
and cost targets: NiMH and lithium-based technology. NiMH batteries offer relatively good power
capability as a result of the good ionic conductivity of the potassium hydroxide electrolyte. Lithium-
based batteries offer an excellent energy density which can be traded for higher power.

The USABC has supported development of these two technologies since the program’s inception in
1997 by awarding subcontracts to a number of developers including Saft America (Li ion and
NiMH), VARTA (NiMH), Delphi (Li polymer), AVESTOR (Li polymer), Texaco-Ovonic (NiMH)
and Electro Energy (bipolar NiMH). Contracts active in 2003 were with Texaco-Ovonic (NIMH)
and Saft (Li ion).

NiMH Battery Development

The contract with Texaco-Ovonic was directed at the development of high-power, low-cost, liquid-
cooled multi-cell modules that are designed to be assembled into full batteries, see Figure II-1.
Properties of the current modules are presented in Table II-5.

Under DOE sponsorship, Texas Ovonic Battery Systems (TOBS) achieved a two-fold increase in
specific power and reduced the projected $/kW battery cost by half. The plastic monoblock module
evolved from a labor-intensive battery proof-of-concept to one more amendable to mass production.
The most recent monoblock provides a lower cost approach, even better adapted to mass production,
with the added benefit of significant improvements in packaging efficiency.

The Phase 3 effort, which concluded in 2003, completed technology development needed for a total
battery system useable in commercial products. Additional cost reductions were aimed at achieving
a selling price of about $750 for a full battery pack system at a mature volume of 100,000 packs per
year. Qualification of the battery cycle life and calendar life was also an objective of this effort.
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Table II-S. Properties of TOBS NiMH Battery Monoblock

Characteristic Value
Nominal voltage 12V
Nominal capacity 9 Ah
Nominal power 2.7kW
Nominal energy (@ 1C rate) 125 Wh
Module weight 2.4 kg
Module volume 1.28 L
Energy density 52 Wh/L
Specific power 1125 W/kg
Figure II-1: TOBS Series 1000 NiMH Power density 2100 W/L

Monoblock

Lithium-ion Battery Development

A contract with Saft to develop high power cells and modules for the HEV application was also
completed in FY 2003. To achieve the targeted cost reduction, Saft focused on material cost
reduction and process and assembly optimization. The performance and life of the improved low-
cost cells were validated in nominal 50-volt modules. At the conclusion of the contract, Saft
delivered two full packs to DOE. The packs met all of the FreedomCAR HEV performance targets,
except cost, as shown in Table II-1. One of battery packs has completed 300,000 HEV test cycles
suffering less than 2% power fade.

Low-cost Separator Development

Studies at the national laboratories have shown that the cost of non-active material components in
high-power batteries (packaging, current collectors, and separator) can equal or even exceed the cost
of the active materials. The cost of the separator dominates the cost of the non-active materials.
Therefore, DOE, in conjunction with the USABC, is supporting research and development efforts in
industry to create novel, low cost materials and to improve processing techniques so that currently
available materials may be produced in a less costly manner. Support is being provided to the
development of a low-cost polypropylene (PP)-based separator using a wet process, an established
dry production process applied to PP-based separators, and a nylon-based high-strength low-cost
separator. The goal of these tasks is to produce acceptable separators at a cost of $1/m?. Contractors
engaged in this activity include Celgard, Inc., ENTEK Membranes, LLC, Advanced Membrane
Systems (AMS), and Ultimate Membrane Technologies (UMT). All four contracts have an industry
cost-share of at least 50%.

The goal is to develop a direct replacement for current materials having the following properties:
Thickness: < 25 microns

Wettability: Complete Wet Out in Electrolytes

Puncture Strength: > 300 g/25.4 microns

Permeability: MacMullin Number of < 11
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e Pore Size: <1 micron
e Moisture Content: <50 ppm
e Chemical Stability: Stable in Battery for 10 Years

In addition, the separator should have the capability of shutting down at a temperature of 100—110°C
and also have structural stability to 200°C.

Battery Thermal Management

This work focuses on improving the thermal performance of batteries through thermal
characterization, modeling, analysis, and management. The objectives of this work include
improving the performance and extending the life of batteries by measuring their thermal properties
and improving the thermal design, developing a test procedure for the thermal evaluation of
batteries, thermally analyzing cells and modules and making recommendations for better thermal
performance, and evaluating the parameters that affect the alternating current (AC) heating of
batteries to improve their performance at cold temperatures. Battery and energy storage models and
simulation tools have been developed to define the requirements of energy storage systems and to
assess their benefits in advanced vehicles. Results of this research are described in the following
paragraphs.

Thermal Improvement of Lithium Polymer Cells. The National Renewable Energy Laboratory
(NREL) used thermal characterization tools to provide technical support to Compact Power
Incorporated (CPI) of Colorado Springs, Colorado, to improve the thermal performance of three
generations of Lithium-ion polymer gel batteries. Compact Power’s improvements in third-
generation cells have resulted in more uniform temperature distribution, lower maximum
temperature, and less heat generation, all of which are needed for greater energy efficiency and
longer battery operation.

Energy Storage Requirements for Fuel Cell Vehicles. Members of the NREL energy storage and
vehicle systems analysis teams collaborated to evaluate the benefits and requirements of energy
storage devices (batteries or ultracapacitors) for hybrid FCVs using ADVISOR, Figure II-2.
Analyses indicated that batteries or ultracapacitors could capture significant regenerative braking
energy, enhancing the fuel economy of FCVs.

Ultra-
Capacitor
i 7 ator Fuel Cell Power

DC/DC
Power
Electronics

Fuel Cell

Speed

Vehic

l | l Acceleration Cruising Deceleration

Figure II-2. Energy storage requirements for fuel cells

10
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Battery Preheating. The objective of this work was to
investigate the optimal parameters that affect AC preheating
of batteries in cold climates. An AC power amplifier was
used to provide AC heating to a three-cell Panasonic NIMH
module kept at -30°C, Figure II-3. The impact of current
amplitude, frequency, waveform, and duration to improve the
pulse power capability of the battery, after applying AC
heating pulse, was investigated. An improvement in pulse
power capability and an increase in current amplitude and
duration were accomplished.

Figure II-3. AC Power amplifier (left)

.. . and tested NiMH modules
Thermal Evaluation of Batteries. The objective of this

work was to test the thermal management of an advanced battery module for HEV applications, an
advanced 12-cell air-cooled Lithium-ion module from Saft. Under repeated 25-Wh PNGYV life cycle
test profiles and one that was 30% more aggressive, the thermal performance of the battery and its
thermal management system kept the battery temperature below 40°C and the temperature difference
less than 2°C when ambient temperature was 30°C.

Dual-Source Energy Storage. NREL has developed simulation tools to evaluate the benefits of
combining batteries with ultracapacitors for HEVs and FCVs, including a novel control strategy that
optimizes the energy and power flow between the ultracapacitor stack and the battery pack. The use
of dual-source energy storage could possibly enhance advanced vehicle performance and extend
battery life.

Thermal Characterization of Batteries. NREL measured the thermal characteristics (heat capacity
and heat generation) of Saft Lithium-ion cells at 0°C, 30°C, and 50°C using the HPPC test. The heat
generated by the cell during the PNGV cold cranking test was measured and demonstrated that the
cell could meet the test procedure requirements and was 58% efficient at -30°C. Infrared thermal
images of a cell as it underwent a 100-amp discharge from 100%-0% state of charge was obtained.
No areas of thermal concern or hot spots on the cell were found.

Thermal Analysis of Cells and Batteries. Finite element thermal analysis was used to guide Saft
America in the thermal design of their 12-cell module, Figure I1I-4. NREL evaluated four liquid-
cooled designs and found that the design with liquid-cooled plastic jackets around each cell provided
the best combination of lowest maximum temperature and lowest temperature difference. Based on
NREL’s recommendations and the lower mass of this design, Saft has built modules and delivered
them to FreedomCAR and NREL for evaluation.

Figure II-4. Thermal analysis of cells in a 42-V module

11
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Future Directions

Looking ahead, the Vehicle High-Power Battery effort will continue to research lower cost
separators, will define energy storage requirements for heavy hybrids, will ensure that new materials
are made available to manufacturers, and promote information exchange among the various
participants in the program. A new contract will be initiated with Saft to focus on 42V systems. In
the thermal analysis area, work will continue to improve the thermal performance of batteries and
develop models that enable the evaluation for advanced energy storage concepts for EVs and HEVs.

II.A.2 Electric Vehicle Battery Research and Development

Introduction

The Electric Vehicle Battery Research and Development effort supports the development of battery
technologies that would enable commercially competitive electric vehicles (EV). The advantage of
EVs over other vehicles, (including HEVs) is the fact that they produce no vehicle emissions.
Electric Vehicle Battery Research and Development has had several major successes, including the
development and introduction of the NiMH battery for EV use. Over 1000 NiMH battery EVs have
been put into service in the past several years. The effort conducts extensive benchmarking studies
of advanced batteries from the U.S. and abroad. The technical requirements are defined in

Table I1-6.

Table II-6. U.S. Advanced Battery Consortium Goals for Electric Vehicle Batteries

Primary Criterion Long-term goals’ (2005-2008)
Power Density, W/L 460
Specific Power, W/kg (80% DOD/30 sec) 300
Energy Density (Wh/L) (C/3 discharge rate) 230
Specific Energy, Wh/kg (C/3 discharge rate) 150
Life (years) 10
1000 (80% DOD)
Cycle life (cycles) 1,600 (50% DOD)
2670 (30% DOD)
Power and capacity degradation® (% of rated spec) 20%
Ultimate price’ ($/kWh) (10,000 units @ 40 kWh) <$150 (desired to 75)
Operating environment -30Cto 65 C
Recharge time < 6 hours
Continuous discharge in 1 hour (no failure) 75% (of rated energy capacity)

* For interim commercialization (reflects USABC revisions of September 1996).

® Specifics on criteria can be found in USABC Electric Vehicle Battery Test Procedures Manual, Rev. 2,
DOE/ID 10479, January 1996.

" Cost to the original equipment manufacturer.

12
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Secondary Criteria Long-term goals (2005-2008)
Efficiency (C/3 discharge and C/6 charge®) 80%
Self-discharge <20% in 12 days
. No maintenance. Service by qualified
Maintenance
personnel only.
Thermal loss Covered by self-discharge
Abuse resistance Tolerant. Minimized by on-board controls.

Specified by contractor: Packaging constraints,
Environmental impact, Safety, Recyclability,
Reliability, Overcharge/over-discharge tolerance

Li ion Battery Development

Saft continued development of the lithium-ion electric vehicle —
battery with emphasis on meeting interim commercialization e | |
goals. Saft engineered and built lithium-ion cells (Figure II-5) to
evaluate alternative battery system materials and provided more
detailed testing and analysis against USABC and Society of
Automotive Engineers criteria for evaluation of abuse to these
batteries. This will facilitate acceptance of these batteries by the
auto industry. The effort focused on materials research and
selection. Recent work has also focused on addressing the gas
buildup in cells that reduces their useful life, especially at higher
temperatures and states of charge. Saft also conducted
comprehensive safety analyses, including testing and failure
modes and effects analysis.

Figure II-5. Saft lithium-ion cell
and module

As seen in Table I1-7, cell performance fell short of the target goals and the cost continues to be a
major issue.

Table II-7. Performance of High-Energy Lithium-ion Batteries (2003)

Characteristic System target’ Currenitol;llthlum-
Specific power, W/kg, 80 % DOD, 3 sec pulse 400 280"
Power density, W/L 600 440
Specific energy, Wh/kg @ C/3 200 100
Energy density, Wh/L @ C/3 300 155
Cycle life, cycles @ 80% DOD 1,000 1,000
. . Approximately
Selling price, $/kWh for 40 kWh system @ 100 24 times the
100,000/yer
target value

Roundtrip charge/discharge efficiency.

USABC, “Development of Advanced High-performance Batteries of Electric Vehicle Applications,” request for proposal
information, October 2000

Battery performance calculated from cell performance by applying a burden factor based on battery design.
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Development of Lithium-ion batteries for EV applications was concluded in 2003. Future
development of this technology will be focused on 42V applications.

Lithium/Sulphur Battery Development

Lithium/sulfur rechargeable batteries offer several possible advantages over the current Lithium-ion
rechargeable cells. Because sulfur is less expensive relative to the lithiated metal oxides used for the
cathodes in lithium/ion systems, the lithium/sulfur system has the promise of significantly lowering
cost per kilowatt-hour of stored energy. In addition, the use of a metallic lithium anode in these cells
may allow for improved specific energy and energy density relative to the lithium/ion system which
must use a non-reactive matrix material, such as carbon, for the anode. The complex chemistry of
the lithium/sulfur cell may also provide a “shuttle mechanism” that would allow the cell to be
overcharged without significant safety problems or other adverse effects. Unfortunately, the
lithium/sulfur system is not yet mature enough for these potential advantages to be demonstrated in
commercial cells.

The DOE, in conjunction with the USABC, is supporting research and development on this
technology through long-term contracts with two industrial firms, SCION of Tuscon, AZ, and
PolyPlus of Berkeley, CA. Early phases of these activities will focus on issues at the electrode and
cell level and concentrate on finding means to improve the anode-electrolyte interface against
parasitic reactions and to improve the cells’ cycling efficiency. All contracts have industry cost-
share of at least 50%.

Future activities

Over the next year, the Electric Vehicle Battery Research and Development effort will focus on
testing and demonstrating the performance of the lithium/sulfur cells against the USABC
requirements.

II.B. Technology Assessment

Technology assessments are often conducted in order to validate a developer’s technical claims by
means of independent testing and to gauge the developer’s ability to deliver a full-scale, fully
packaged battery. The tests are performed both at the developer’s facilities and at the DOE national
laboratories in order to familiarize the developer with vehicular requirements and USABC testing
procedures. The companies also share in the cost of the testing.

Current assessment tasks include cells based on Lithium-ion gel technology, a Lithium-ion system
using a spinel-based chemistry, and a new LiFePO, cathode active material.
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II.C. Benchmarking

Benchmark testing of emerging technologies is important for remaining abreast of the latest industry
developments. Working with the national laboratories, OFCVT purchases and independently tests
hardware against the manufacturer’s specifications and the most applicable technical targets.

For example, although ultracapacitors have demonstrated only about 50% of the energy density
needed for HEV applications, OFCVT continues to track advances in this technology.
Ultracapacitors obtained from commercial sources are being benchmark tested at the Idaho National
Engineering and Environmental Laboratory (INEEL) against the FreedomCAR requirements for a
High-Power Energy Storage System. Capacitors currently undergoing test at INEEL are listed in
Table II-8.

Table II-8. Capacitors Undergoing Benchmark Testing at INEEL

Manufacturer Capaci tlzzzl:%;) /Vmax Electrodes;electrolyte

CCR Corporation” (Japan) 2000 F23V Carbon/carbon; Et,NBF, in PC

CCR Corporation (Japan) 3000 F2.3V Carbon/carbon; Et,NBF, in PC

Maxwell Technologies, Inc. (USA) 2700 F2.7V Carbon/carbon; Et,;NBF, in CH;CN
Maxwell/Montena (USA/Switzerland) 2600 F/2.5V Carbon/carbon; Et,NBF, in CH;CN
NESS Corporation (Korea) 2500 F/2.7V Carbon/carbon; Et,;NBF, in CH;CN
NESS Corporation (Korea) 3500 F/2.7V Carbon/carbon; Et,;NBF, in CH;CN
NESS Corporation (Korea) 5000 F/2.8V Carbon/carbon; Et,;NBF, in CH;CN
Panasonic (Japan) 1200 F/2.3V Carbon/carbon; Et,NBF, in CH;CN
Panasonic (Japan) 2000 F/2.3V Carbon/carbon; Et,NBF, in CH;CN
Panasonic (Japan) 2500 F/2.3V Carbon/carbon; Et,NBF, in CH;CN
Saft (France) 3500 F/2.7V Carbon/carbon; Et,NBF, in CH;CN
Telcordia Technologies (USA) 450 F/2.8V Carbon/Li;Ti50,;LiBF, in CH;CN

IL.D. Small Business Innovative Research (SBIR)

The Small Business Innovation Research (SBIR) program was created by the Small Business
Innovation Development Act of 1982 (P.L. 97-219) and has been reauthorized again until
September 30, 2008. The SBIR program was designed to stimulate technological innovation,
strengthen the technological competitiveness of small businesses, and use small businesses to meet
Federal research and development needs. DOE’s SBIR program budget for FY 2003 was about $94
million, based on a set-aside of 2.5%. These funds were used to support an annual competition for
Phase I awards of up to $100,000 each for about 9 months to explore the feasibility of innovative
concepts. Phase II research effort represents up to $750,000 over a two-year period.

Over the past several years, SBIR/STTR contracts have provided valuable support to EV and HEV
battery development efforts. There are currently in place over $4 million in Phase I and Phase 11
contracts, focused on development of new battery materials and components.

" CCR Corporation has been dissolved and is now Nippon Chemi-Con Corporation
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Phase II contract topics (~$750,000 each) active in FY 2003 are listed below:

A123 Systems, Inc. — An Advanced Cathode Material for Lithium-ion Batteries

Eltron Research, Inc. —Novel Lithium Ion Conducting Polymer Electrolytes for Lithium
Ion Batteries

Farasis, Inc. — Stabilized Lithium Manganese Oxide Spinel Cathode for High Power
Lithium-ion Batteries

MER Corp. —Low Cost Carbon Anodes for Lithium-Ion Batteries
Optodot Corp. — Low-Cost Nanoporous Sol Gel Separators for Lithium-Based Batteries

T/J Technologies, Inc. — A Novel Cathode Material for High Power Lithium Rechargeable
Batteries

TPL, Inc — Synthesis of New Solid Polymer Electrolytes

Yardney Technical Products, Inc. (Lithion) — Development of Low-Cost Salts for Lithium-
Ion Rechargeable Batteries

The following Phase I Proposals were funded in FY 2003:

Boundless Corp. — Nanowire Cathode Material for Lithium-Ion Batteries
MER Corp. — High Performance Solid Polymer Electrolyte for Li Batteries

SION Power Corp. — Multi-Layer Anode Stabilization Layer for Preventing Dendrites in
Lithium Sulfur Batteries

TechDrive, Inc. — Highly Conductive Solvent-Free Polymer Electrolytes for Lithium
Rechargeable Batteries

TIAX, LLC. — LiFePO,4 Cathode Material Designed for Use in Lithium-Ion Batteries
TPL, Inc. — Preparation of High Performance Nanocomposite Cathode Material

US Nanocorp, Inc. —High Energy Density Rechargeable Lithium Sulfur Battery with Novel
Solid Electrolyte

Sample Publications/Presentations include the following

Zolot, M., “Hybrid Energy Storage Studies Using Batteries and Ultracapacitors for Advanced
Vehicles,” 12th International Seminar on Double Layer Capacitors, Deerfield Beach, FL.

Vlahinos, A., Kelly, K., Pesaran, A., and Penney, T., “Empowering Engineers to Generate
Six-Sigma Quality Designs,” First Annual Quality Symposium, American Society for
Quality, Automotive Division, Livonia, MI, February 25, 2003.

Vlahinos, A., Pesaran, A., and Stuart, T., “Cooling and Preheating of Batteries in Hybrid
Electric Vehicles,” Proceedings of the 6th ASME-JSME Thermal Engineering Joint
Conference, Kona, HI, March 16-20, 2003.

Keyser. M.A., Pesaran, A., Mihalic, M., Yu, J.-S., Kim, S-R., Alamgir, M., and Rivers, D.,
“Thermal Characterization of Advanced Lithium-Ion Polymer Cells,” Proceedings of the
Third Advanced Automotive Battery Conference, Nice, France, June 10-12, 2003.

Markel, T., Zolot, M., Wipke, K.B., and Pesaran, A.A. “Energy Storage System
Requirements for Hybrid Fuel Cell Vehicles,” Advanced Automotive Battery Conference,
Nice, France, June 10-13, 2003.
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III. APPLIED BATTERY RESEARCH

III.A. Introduction

Applied Battery Research focuses on high-power battery development in support of the
FreedomCAR Partnership’s goal of affordable cars and light trucks that will reduce U.S. dependence
on foreign petroleum and reduce emissions, yet will not impact its historic mobility and freedom of
vehicle choice.

Started in late 1998 as the Advanced Technology Development (ATD) Program, Applied Battery
Research focuses on finding solutions to barriers that are impeding U.S. battery manufacturers in
their efforts to produce and market high-power batteries for use in hybrid electric vehicles (HEVs).
The major challenges are: life, abuse tolerance, and cost. Of these, abuse tolerance is the single
most important issue for U.S. automotive manufacturers and all other activities are being pursued
with a continual consideration of their impact on the safety of the battery.

Focus

A Calendar Life of 15 years is required to meet the California emissions standards. The calendar
life of the current generation of lithium-based batteries is approximately 610 years, although there
are encouraging estimates which place the life very close to 15 years. To address issues associated
with the calendar life of high-power batteries, the Applied Battery Research Activity is:
e Developing and validating accelerated life test methods,
e Developing a life-test validation protocol that may be used by battery manufactures and
automobile companies to confirm the life of HEV batteries,
Identifying life-limiting mechanisms
e Evaluating advanced cell components and chemistries that address these life-limiting
mechanisms and extend cell life, and
e Modeling and designing battery thermal management systems, since many mechanisms that
lead to poor calendar life are enhanced as the temperature increases.

Abuse Tolerance is a primary requirement for a battery in an automotive application. Current high-
power batteries are not intrinsically tolerant of abuse such as short circuits, overcharge,
overdischarge, mechanical shock, vibration, crush, or fire exposure. In addition, thermal
management requirements faced during stressful periods in a driving cycle need to be addressed.
Current related research activities include:
e Specifying relevant abuse conditions and desired responses to those conditions, along with
developing abuse testing standards,
e Testing and evaluating novel chemistries and cell designs that exhibit enhanced abuse
tolerance,
e Developing detection and management controls for battery state-of-charge, battery
temperature, and electrical faults, and
e Developing in situ overcharge protection.

The current cost of high-power lithium-based cells is prohibitively high, but is continuing to
decrease. The main cost drivers being addressed are the high cost of raw materials, materials
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processing cost, cell and module packaging cost, and failsafe electric and mechanical safety devices.
Specific research activities include:

e [Evaluating lower cost cell components: electrolytes, anodes, and cathodes,

e Developing low-cost processing methods for producing high-power batteries,

e Working with potential U.S. suppliers to implement low-cost material production, and

e Developing low-cost cell packaging alternatives.

Recently, a new effort to evaluate and improve low temperature performance has begun. An
overview of how these focus areas are being addressed in this activity is shown in Figure III-1. Some
preliminary results are presented below.

Participants

The Applied Battery Research Activity requires the close coordination of five national laboratories:
Argonne National Laboratory (ANL), Brookhaven National Laboratory (BNL), Idaho National
Engineering and Environmental Laboratory (INEEL), Lawrence Berkeley National Laboratory
(LBNL), and Sandia National Laboratories (SNL). Close communication is maintained with battery
developers, automobile manufacturers, and related corporations to ensure that the issues being
investigated will be of direct benefit to the U.S. battery manufacturing and automotive communities.
To make a significant impact on the cost barriers, contacts with over a dozen battery component
vendors have been established. In addition, close ties are maintained with other government
organizations involved in battery research through the Interagency Power Working Group. This
ensures that relevant technical issues and solutions are disseminated amongst all interested
government agencies

This activity has focused its efforts over the past
year on testing and diagnosing a second

generation chemistry (called Gen 2 throughout Table II-1. ATD Gen 2 Cell Chemistry

this report), detailed in Table III-1. This Characteristic Values
chemistry was chosen based on issues identified _ 18650
with the Gen 1 chemistry, and based on the Size >33 Baseline cells &
HEYV battery performance and safet 651 Variant € cells
attery’p y 8 wi% PVdF binder
requirements. 4 wt% SFG-6 graphite
4 wt% carbon black
The following sections highlight the activities Positive Electrode 84 wt% LiNig.4C00.15Al0,0s0; -
. . . Baseline
and progress achieved in the Applied Battery e
. 84 wt% LiNij.5Cog 1 Alg.100; -
Research Effort during FY 2003. The results Varvivan: Cl 08001801072
presented are 